The baryon asymmetry, together with a dark matter asymmetry, may be produced during a first order phase transition in a generative sector. We study the possibility of a gravitational wave signal in a model realising such a scenario. We identify areas of parameter space with strong phase transitions which can be probed by future, space based, gravitational wave detectors. Other signals of this scenario include collider signatures of a Z , DM self interactions, a contribution to ∆N eff and nuclear recoils at direct detection experiments.
Introduction
There is overwhelming evidence for an exotic, non-baryonic, component to the cosmic matter density. However, the detailed nature of this dark matter is so far unknown. A possibility is for the DM density to be set in a similar way as the baryonic density [1] [2] [3] [4] ]. An asymmetry between particle and antiparticle number density is first created in a dynamical process of baryogenesis [5] . The symmetric component of the particle and antiparticle population is then efficiently annihilated into radiation degrees-of-freedom whose energy is redshifted away by the Hubble expansion [6] . The asymmetric component is left over, which forms the matter density observed today.
Various methods to produce an asymmetry in both the dark and visible sectors concurrently have been proposed. The focus of this paper will be a model proposed by Petraki, Trodden and Volkas [7] , in which the asymmetries in the dark and visible sectors are produced during a strong first order phase transition, in analogy with the electroweak baryogenesis mechanism [8] [9] [10] [11] [12] [13] . While we focus on a particular realisation, the possibility of observational gravitational waves in such models is generic. This is because they all rely on beyond-the-standard-model (BSM) chiral fermions undergoing CP violating interactions with the broken phase bubbles of an exotic non-abelian gauge group in order to generate the asymmetry [14] [15] [16] [17] [18] . The presence of a non-minimal dark sector is also generic in such models. Since [7] appeared, much progress has been made on both the experimental and theoretical fronts, in physics relevant to the phenomenology of such models.
On the experimental side, a SM-like Higgs boson has been discovered and studied at the LHC [19, 20] . The same machine has led to improved limits being placed on Z bosons [21, 22] . Planck has set improved limits on exotic radiation present during the CMB (∆N eff ) [23] . LIGO has detected gravitational waves [24, 25] and the LISA pathfinder has flown which returned promising results on the prospects for space-based gravitational wave interferometers [26] . On the theoretical side, simulations of the sound waves produced in the thermal plasma during a first order phase transition have found these can be a strong source of gravitational waves, which improves the possibility of such a detection [27] [28] [29] .
Production of gravitational waves by exotic phase transitions has been discussed in [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . A phase transition in a generative sector, producing an asymmetry which is then communicated to the dark and visible matter sectors, is one such possibility. Unlike the electroweak sector, the exotic generative sector Higgs mass, VEV, gauge and fermionic couplings have not been observed. Hence there is a greater range of possibilities as to the mass scale of such a sector and therefore also more possibilities for the phase transition temperature and peak gravitational wave frequency. The CP violation required in these scenarios occurs in the generative sector Yukawa interactions and so EDM constraints are easily satisfied [42] [43] [44] [45] [46] [47] .
It is therefore timely to revisit the model proposed in [7] . In section 2 we briefly review the model. In section 3 we present the main investigation of this paper, we calculate the strength of the phase transition, which allows us to find the stochastic gravitational wave background in terms of the underlying parameters of the model. 1 In section 4 we investigate other relevant signals, i.e. Z B−L at the LHC, constraints from halo ellipticity due to DM self interactions, ∆N eff and direct detection prospects. We then briefly discuss and conclude.
Review of the model
We now give an overview of the model presented in [7] . The symmetry structure of the model includes three new gauge groups and an anomalous global symmetry U (1) X . The field content is summarised in table 1. The model may be organised into three sectors.
(i) The generative sector, which consists of chiral fermions, Ψ L , Ψ 1R , Ψ 2R , and a generative sector Higgs, φ. This Higgs breaks the generative sector SU (2) G gauge group and generates mass for the sector's chiral fermions through Yukawa terms of the form (for one generation)
We require an even number of generations of Ψ fermions to be free of the Witten anomaly [48] . In our calculations below we always take the minimal choice of two generations of Ψ fermions corresponding to 16 degrees of freedom. The Yukawa couplings of eq. (1) can be complex and after rotating to the mass basis, we find the choice of two generations gives us seven physical CP violating phases, so that the second Sakharov condition is fulfilled. 2 The fermions carry charge under an anomalous U (1) X , which is violated by rapid SU (2) G sphalerons in the symmetric phase. CP violating interactions of the fermions with the bubble walls of broken SU (2) G phase during a first order phase transition can lead to an U (1) X asymmetry forming outside the bubble walls. This asymmetry is swept into the expanding bubble in which, if the phase transition is strong enough, the SU (2) G sphalerons are suppressed and the asymmetry is frozen in. The generated asymmetry is transfered to the visible and dark sectors through a chain of Yukawa interactions beginning with
where the fermion f R (scalar χ) will communicate with the visible (dark) sector, as explained below.
(ii) The visible sector consists of the SM together with vector-like fermions, f L and f R , neutral under the SM gauge group. These transfer the asymmetry, created in the Ψ's during the generative phase transition, into the SM via the interactions
where l L (H) is the SM lepton (Higgs) doublet.
(iii) The dark sector consists of the scalar χ together with vector-like fermions ξ L,R and ζ L,R which make up the DM. The asymmetry is transfered via the interaction
The scalar χ retains a zero VEV. The fermions ξ L,R and ζ L,R are charged under a local U (1) D and may form atomic bound states if the symmetry remains unbroken or is mildly broken. The symmetric components of the ξ L,R and ζ L,R number densities are efficiently annihilated away into dark U (1) D photons. The U (1) D gauge symmetry may either remain unbroken, or be broken spontaneously at a suitably low scale, in order to still allow for efficient annihilation of the dark fermions which have masses m ζ + m χ ≈ 1.5 GeV.
The above review of the model suffices for the casual reader interested in the discussion below. More discussion is provided in [7] for those interested in understanding the in-depth details of the model.
3 Phase transition and gravitational wave signal
The potential
In order to study the strength of the phase transition we must make some assumptions about the tree level potential. Here we assume terms up to dimension six term in the tree level potential [49] [50] [51] 
Such a potential can correspond to the low energy effective theory if there is a heavier scalar to which φ couples sufficiently strongly [52] . 3 Taking µ φ , Λ φ > 0 and λ φ < 0, the VEV is given by
and the field dependent Higgs mass by
The field dependent masses of the Ψ fermions due to the Yukawa interactions of eq. (1) and the SU (2) G gauge bosons are given by
3 The simpler possibility of including only terms up to φ 4 is relegated to appendix A, as its finite temperature perturbative expansion suffers pathological issues due to the large gauge couplings required in order to achieve a sufficiently strong first order phase transition for an appreciable gravitational wave signal. (10) is satisfied for φ n /T n 1.5 − 1.8. The red area does not lead to symmetry breaking as V
eff (0). The orange region is either meta-stable and does not lead to a thermal transition or it leads to a runaway transition. The green area returns a gravitational wave spectrum with a BBO signal to noise ratio (SNR) > 5. The SNR for gravitational waves has been calculated with µ φ = 100 GeV, while all other contours are independent of µ φ , see sections 3.4 and 3.5 for details. Note we have used an optimistic value for the wall velocity, v w = 1/ √ 3, in calculating the SNR. The blue points are where we also find a LISA SNR > 5. These always occur close to runaway transitions in this model. Hence LISA is only sensitive to a very small portion of the parameter space of this model. where g G is the SU (2) G gauge coupling and we assume a universal, representative, Yukawa coupling in our calculations for simplicity. In order to analyse the strength of the phase transition we use the effective potential, V eff , at one loop order including T = 0 and finite temperature loop contributions of φ, the SU (2) G gauge bosons and two generations of Ψ fermions [53] . The daisy correction is also included. The details can be found in appendix B. The integrals which enter the effective potential are evaluated numerically.
Washout condition
A first order phase transition is characterised by a barrier in the effective potential, between the symmetric and broken phase minima, when the two have the same energy, i.e. at the critical temperature T c . We denote the broken phase VEV at the critical temperature as φ c . Sometime after T c is reached, bubbles of broken phase can begin to nucleate. In order to avoid washout of the asymmetry, the SU (2) G sphalerons have to be sufficiently suppressed in the broken phase. This requires a sphaleron energy
where T n is the bubble nucleation temperature, φ n is the minimum of the potential at T n , B is an O(1) number which depends on the couplings of the theory and the range given on the right hand side of the inequality is due to the uncertainty in the sphaleron transition rate prefactor [53, 54] . Determining the SU (2) G sphaleron energy, i.e. calculating B, is beyond the scope of this work. In the SM, B( [53, 55] . The addition to the SM of a higher dimensional Higgs term, (H † H) 3 /Λ 2 , decreases the sphaleron energy by only a few percent for Λ ≈ 500 GeV [49] . Compared to the SM, the main difference to E sph is therefore expected to come from g G . The washout avoidance condition becomes
As we increase the gauge coupling g G we therefore require a slightly larger φ n /T n ratio than is usually the case.
As is well known, thermal one loop corrections from the gauge bosons and fermions lead to a φ 2 T 2 term in the effective potential, which makes the symmetric minimum the global one at high temperatures. As the temperature drops, with the potential of eq. (5), the phase transition can be strongly first order and satisfy the washout avoidance condition if the tree level barrier is large enough. An additional effect comes from the cancellation between the φ 2 T 2 term and the tree level −λ φ φ 4 term, which can lead to a large barrier forming between the symmetric and broken phase minima. A scan over the parameters of the model showing contours of φ n /T n is shown in figure 1 .
As can be seen from the figure, for small Λ φ /µ φ , the tree level barrier is important, while for large Λ φ /µ φ , the cancellation between the φ 2 T 2 and −λ φ φ 4 terms becomes the dominant effect. To better understand the somewhat counterintuitive behaviour for increasing Λ φ at the top left of the figure, note that the VEV v φ and mass m φ have not been fixed. As Λ φ increases so does v φ -together with φ n and T n -as the strength of the phase transition is then set largely by the cancellation between the φ 2 T 2 and −λ φ φ 4 terms. We have checked that if v φ and m φ are instead held fixed, we recover the intuitive qualitative behaviour known from studies of the EW phase transition, in which increasing Λ φ for fixed v φ and m φ results in a weaker phase transition [49, 51, 50] . Also shown in the figure are regions of possible observable gravitational waves. Details of the calculation are given in sections 3.3-3.5.
Critical bubble
The first step in our calculation is to determine the nucleation temperature. The probability of creating a bubble within the Hubble volume, for T ≈ 0.1 − 1 TeV, reaches unity at
where S 3 is the three-dimensional Euclidean action for an O(3)-symmetric bubble [53, 56, 57] . The temperature when this occurs is defined as the nucleation temperature, T n , and φ n is the minimum of the potential at T n . The action is given by
evaluated for a φ(r) path with δS 3 = 0. The first term in the action corresponds to the cost of the surface tension, the second term to the favourability in terms of energy in residing in the deeper, broken phase, minimum. The resulting equation of motion is given by
with the boundary conditions
We solve the equation of motion numerically. In practical terms, we start with some choice for the release point, φ(r = 0), and then use an overshoot/undershoot method to determine the value φ(r = 0) which returns φ(r → ∞) = 0. One then substitutes the bubble profile, φ(r), one has found back into eq. (12), in order to determine S 3 /T . This allows us to calculate the contours of φ n /T n shown in figure 1 . Note that once the bubble begins to expand, the field value inside will approach the minimum of the potential at the relevant temperature, rather than φ(r = 0), which motivates our use of the former as our definition of φ n . This choice makes negligible differences to figure 1.
Gravitational wave signal
The dominant source of gravitational waves in this model comes from sound waves generated in the plasma by the bubbles. The frequency spectrum of gravitational waves,
where ρ GW is the energy density of gravitational waves and ρ c is the critical density, has been determined by fitting numerical simulations [27, 28] . (An analytic approach has been pursued in [29] .) We give the key expressions below. An important quantity is related to how quickly the phase transition occurs
Phase transitions which take longer result in larger, fewer, and more powerful bubbles, these produce sound waves at lower frequencies and with stronger amplitudes, than the smaller and more common bubbles found in faster transitions. The amplitude of gravitational waves also depends on the vacuum energy density released by the phase transition, compared with the radiation density of the thermal plasma, Figure 2 : Example of the gravitational wave spectrum for different wall velocities and estimated sensitivity of LISA (C1) [59] and BBO [60] to stochastic power law backgrounds. The input parameters correspond to the lowest of the blue points in figure 1 . This point is close to the runaway boundary so a deflagration, with v w < 1/ √ 3 is actually unlikely, which illustrates the difficulty in obtaining a signal observable by LISA and consistent with baryogenesis in this model. where g * counts the effective number of relativistic degrees of freedom. Given the field content of this model, g * = 165 when all species are relativistic and we have used this value throughout our calculations. Using the method described to calculate the critical bubble, we not only find T n , but also α and β/H. We also need the fraction of vacuum energy converted into bulk motion of the fluid, which for wall velocities v w ≤ v sound [58] , is given by 
The numerical results are approximated by [59] 
where the spectral shape is
with peak frequency
The only missing ingredient required for the gravitational wave spectrum is the wall velocity, v w . This depends on the strength of the phase transition and the friction of the plasma on the expanding bubble wall. This quantity is notoriously difficult to determine [61] [62] [63] [64] [65] [66] [67] [68] [69] . We will use an optimistic value by setting v w = v sound = 1/ √ 3 in our scan. This results in the largest gravitational wave amplitude possible while remaining consistent with electroweak-style baryogenesis, which requires subsonic wall velocities [70] . The true Ω GW (f ) will therefore be below our estimate (or the phase transition will be too strong for baryogenesis). Hence, our results should be seen as an optimistic estimate for the possibility of such a signal, until a detailed determination of v w can be performed for this scenario. In figure 2 we illustrate the sensitivity of the spectra to v w .
Though we have not calculated the wall velocity, we can use a simple criterion to determine whether the phase transition is a runaway, in which v w → 1. The phase transition is necessarily a runaway if the mean field potential,
drops below zero for φ = 0 at T n [71] . If this is the case, the friction on the wall in the limit v w → 1, is insufficient to balance the pressure on the wall from the free energy difference between the symmetric and broken phases. Clearly, for consistency, we are interested in non-runaway phase transitions. To produce gravitational waves observable at LISA and BBO requires relatively strong transitions. The detectability of the gravitational waves can be estimated by the signal to noise ratio [59] 
where t obs is the time of observation in years and h 2 Ω sens (f ) is the sensitivity of the gravitational wave detector to stochastic backgrounds for one year of observation. Sensitivity curves for LISA and BBO for t obs = 1 year are shown in figure 2. Using t obs = 5 years we show parameter space with SNR > 5 for BBO in figure 1. Note that due to the fermionic and gauge couplings even some phase transitions strong enough to enter the LISA sensitivity region can remain outside the runaway regime. However, only a small portion of the parameter space can be probed by LISA. 4 Another crucial issue for such searches will be the foreground of gravitational waves due to unresolved points sources [78] [79] [80] [81] .
Scaling relations
Note that the only mass scales which enter the generative sector potential are µ φ and Λ φ . Particularly useful scaling relations therefore hold when considering the parameter space of the model. A rescaling
leaves many important quantities invariant. In particular
which leaves the ratio unchanged. Furthermore, when performing the rescaling in eq. (25), the absolute value of the potential, e.g. at the barrier height, increases as (µ φ /µ φ ) 4 , but the bubble size decreases as (µ φ /µ φ ), which results in
again leaving the ratio unchanged. 5 We also find
This can be understood from eq. (27) . The increase in the magnitude of ρ vac is cancelled by the increase in nucleation temperature in eq. (17), leaving α unchanged. 6 Similarly, the increase in T n is exactly cancelled by the smaller S 3 /T gradient in eq. (16), leaving β/H unchanged. However, note the peak gravitational wave frequency, eq. (22), does change, due to its linear dependence on T n . These relations allow one to more efficiently scan the parameter space of the model, because the key quantities, α, β/H and T n can be determined in terms of a fixed values of µ φ and Λ φ and then rescaled in a computationally efficient way.
Additional signals 4.1 Z B−L at the LHC
The model introduces a U (1) B−L gauge group, which explains the presence of a global B − L symmetry at low energy, crucial for DM-baryon symmetric models [7] . The associated Z can be searched for at the LHC [21, 22] . The limit on narrow Z resonances decaying to l + l − , with l = e, µ, from a search using 13 TeV ATLAS data is shown in figure 3 . Relevant formulas for determining the cross section for Z production can be found e.g. in [82] . We use the MSTW 2008 parton distribution functions [83] and an estimate for the higher order QCD corrections K = 1. 
Halo ellipticity
We now turn to the DM sector. The phenomenology of DM sectors with gauged U (1) D symmetries displays rich variations depending on the area of parameter space one is in. Here we will consider relatively large dark fine structure constants, α D ≡ g 0.1 GeV, for which the DM is sufficiently tightly bound to approach the collisionless limit. The binding energy is given by
The most stringent constraints then come from halo ellipticity observations. For M DM = m ζ + m ξ = 1.5 GeV there is significant tension with observations even with relatively large binding energies, ∆ > 10 MeV [84, 85] . In this regime the ionized fraction of DM is completely negligible and the hyperfine transition energy is too large for dissipative cooling to be effective [84, 86] . If future numerical studies confirm the stringent halo ellipticity constraints such a scenario will be ruled out. The complicated phenomenology of dissipative regions of parameter space is beyond the scope of this work [87] . The constraint can be evaded if the U (1) D symmetry is broken and we discuss this possibility further in section 4.4.
∆N eff
We now turn to independent constraints on the model, coming from BBN and the CMB, which were derived in [7] . Since then, Planck has improved the limit on radiation at the CMB epoch, giving the effective number of neutrino species N eff = 3.15 ± 0.23 [23] . From this and the SM value N eff = 3.046, we take ∆N eff < 0.6 as a conservative (essentially 2σ) limit on a BSM contribution. If U (1) D is unbroken, the dark photons will contribute to ∆N eff at the CMB epoch. The contribution depends on the degrees-of-freedom of the dark photon (two) and the dark radiation temperature. This allows one to translate the limit on extra radiation into a bound on the number of effective degrees of freedom of the dark sector, at the temperature it decouples from the visible sector radiation bath,
where g vs are the effective visible sector degrees-of-freedom (110.25 when including the f L,R states). The dark sector has g ds = 16.5 (12.5) including (excluding) the contribution of χ. From which we learn that χ should be heavy enough to not contribute to g ds (T dec ) or additional degrees of freedom that contribute to g vs must exist. If the couplings between the sectors are not too small, the former possibility will typically be the case, as the decoupling will be driven by the temperature falling sufficiently below the χ mass making the communication between the sectors (which proceeds through interactions with χ) inefficient. Furthermore, future improvements on ∆N eff , estimated to reach uncertainties of σ(∆N eff ) = 0.02 for a stage-IV CMB experiment [88] , should be able to rule out the unbroken U (1) D scenario independently of the halo ellipticity observations. In order for the above conclusions to hold, we require the kinetic mixing parameter between the SM U (1) Y and DM U (1) D field strength tensors, F µν F µν D , to be sufficiently small. Otherwise interactions between the lightest dark matter particle Min[m ζ , m ξ ] and the electrons can keep the sectors in equilibrium. Here, for notational clarity, we will assume m ζ < m ξ as the subsequent phenomenology does not depend on the mass ordering and we will also make the mild assumption m e < m ζ . To keep the sectors unequilibriated, we then require [85] 
This estimate is sufficiently accurate for our purposes and broadly consistent with bounds coming from detailed studies of the energy transfer between the visible and dark sectors in such models [89] .
Direct detection
We now update the direct detection constraints discussed in [7] . The spin-independent DMnucleon scattering cross section via Z exchange is given by
where µ N is the DM-Nucleon reduced mass. The current limit from CRESST-II, for m DM = 1.5 GeV, requires σ SI 2.7 × 10 −39 cm 2 [90] . However, taking into account the limit on M Z from the LHC, this cross section is constrained to be below the floor for coherent neutrino scattering on CaWO 4 , which for this m DM , is σ ≈ 10 −43 cm 2 [91] . As the DM forms tightly bound atomic states, the EM millicharge of the DM, induced by the kinetic mixing with the photon, is screened and the interaction becomes effectively contact type. The DM-proton scattering cross section becomes suppressed by the Bohr radius of the DM bound state to the fourth power, 1/(α D m ζ ) 4 , and can be approximated by [92] 
This can be above the neutrino floor. However, note that large signals, which depend on small values of α D m ζ , are in greater tension with the halo ellipticity constraints. We now discuss the possibility of a broken U (1) D symmetry. For simplicity, here we consider parameter space in which the DM is no longer in a bound state but made up of unbound ζ and ξ particles. 7 The DM with ∼ GeV scale mass can still annihilate efficiently into dark photons with mass M D ∼ 100 MeV, which decay before BBN provided that 10 −10 . Beam dump and supernova constraints can be evaded provided that M D 200 MeV (though some areas of parameter space below this are still allowed [93] ). Limits from the CMB [93, 94] do not apply if the DM antiparticle population is sufficiently depleted. The spin-independent DM-nucleon scattering cross section is then [95] 
We have checked that this approximately reproduces the limits presented in [93] , in which a more careful treatment of the energy spectrum of nuclear recoils and the sensitivity of CRESST-II to low energy nuclear recoils is taken into account.
Discussion and conclusion
The detection of gravitational waves has opened up a new avenue for understanding the Universe. Future space based gravitational wave observatories will have sensitivity to first order phase transitions occurring at T ∼ O(TeV). One interesting possibility is a signal from a strong electroweak phase transition associated with electroweak baryogenesis [30, 70, 96, 97, 46, 98] . Here we have considered a more exotic possibility, in which both dark matter and baryon asymmetries are generated during a strong phase transition associated with the spontaneous breaking of a yet undiscovered gauge symmetry. Such a scenario necessitates a non-minimal structure, following the requirements for generating an asymmetry and transferring it to the visible and dark sectors. It is interesting to note that the large couplings -which are required for CP violation and to strengthen the phase transition -help to provide sufficient friction to keep the bubble wall in the nonrunaway regime. This can allow for relatively strong phase transitions with subsonic walls which are both detectable by future gravitational wave observatories and self-consistent in the framework of asymmetry generation via an electroweak baryogenesis type mechanism. The possibility of gravitational wave signatures is expected to be a generic feature of such models, as they all require a strong first order phase transition associated with the breaking of an exotic non-abelian gauge symmetry, together with chiral BSM fermions which give the CP violation and help to provide friction [14] [15] [16] [17] [18] . The dark sector of this model also exhibits an interesting structure, which can contribute non-negligibly to ∆N eff or lead to DMnucleon scattering. The case with an unbroken U (1) D gauge symmetry is in tension with halo ellipticity constraints on DM self interactions. The scenario evades EDM constraints as the CP violating interactions occur in the generative sector.
It is encouraging that upcoming experiments are sensitive to such exotic, non-minimal, scenarios. While the theory space is too large to pursue every possibility, it may be that non-null experimental results will in the near future help us uncover unexpected new physics. Of particular interest for the type of models considered here are space based gravitational wave observatories with sensitivity to frequencies in the range O(10 −3 − 10) Hz. The lower range will be probed by LISA and the higher range can be probed by follow-up-missions such as BBO and DECIGO [99] [100] [101] . The greater sensitivity expected of second generation space based interferometers will also greatly improve the prospects of detecting such phase transitions.
O(1) differences in the nucleation temperature when we include the daisy resummation as a separate term as opposed to when we include the thermal masses in the thermal functions directly [104] (see appendix B). Hence the quantitative results for this potential are somewhat unreliable and we therefore study the φ 6 potential for which these issues are not present because strong first order phase transitions with observable gravitational wave signals can then be achieved for smaller values of g G and larger values of |λ φ |.
B The effective potential
For completeness we include here the form of the effective potential we have used in our calculations. We have used the one-loop effective potential in the on-shell renormalization scheme. The one-loop T = 0 contribution is given by 
where g i = {1, 9, 16} for the φ, SU (2) G gauge bosons and two generations of the Ψ fermions, F = 0 (1) for bosons (fermions) and we have ignored the contribution of the Goldstone bosons. The one-loop finite T contribution is given by 
The thermal masses for φ and the SU (2) G gauge bosons are given by
In order to take into account the resummation of the Matsubara zero modes one can include the daisy term
where the sum runs only over scalars and the longitudinal degrees of freedom of the vector bosons, i.eḡ i ≡ {1, 3} for φ and the SU (2) G gauge bosons. The effective potential is then given by the sum of the tree level potential and Eqs. (37) , (38) and (41) . An alternative prescription is to substitute m 2 i → m 2 i + Π i in eq. (38) for scalars and longitudinal gauge bosons [104] . The latter form has the advantage in that it correctly captures the decoupling of heavy degrees of freedom from the effective potential. However, it has the disadvantage in that it effectively resums all Matsubara modes, not just the zero modes. Hence for the φ 4 potential, where the two alternative approaches return significantly different results (see appendix A), we can no longer necessarily trust the quantitative predictions coming from the effective potential.
